This paper reports our progress towards developing a reproducible and rapid method to prepare triangular silver nanoplates. The methods are all based on a seed-mediated procedure involving the reduction of silver ions with ascorbic acid in aqueous solution and have variously involved polyvinylalcohol, citrate, and polystyrenesulphonate as modiers. The triangular silver nanoplate sols have well dened local surface plasmon resonances, which can be tuned throughout the visible and near IR. Aspect ratio (the ratio of edge length to thickness) is shown to be a fundamental parameter determining the triangular silver nanoplate sol properties including, the position of their local surface plasmon resonances maxima and suppression of local surface plasmon resonance retardation eects. The high ensemble sensitivities of the triangular silver nanoplate sol local surface plasmon resonance to changes in the surrounding refractive index within the spectral range appropriate for biosensing is attributed to their high aspect ratio. Silver nanoparticles are more challenging to functionalise than the analogous gold systems, as they are prone to oxidation and are susceptible to degradation by chloride ions. Two methods to stabilise triangular silver nanoplates (treating with thiols and coating with gold) and the formation of gold nanoboxes from the triangular silver nanoplates are also described.
Introduction
While the properties of gold nanoparticles have been widely exploited over the last few decades, the similar application of silver nanomaterials has been much more limited due to some apparently less favourable features. Thus the local surface plasmon resonance (LSPR) for spherical silver nanoparticles typically occurs about 390 nm, resulting in their pale yellow colour, while that for gold spheres is at about 520 nm, giving them their characteristic strong cherry red colour. Another disadvantage of unprotected silver nanoparticles is that they readily oxidise in the presence of halide ions, so that a strategy has to be developed to prevent this occurring.
In the past decade a number of research teams have demonstrated that anisotropic nanoparticles of silver can be prepared in a controllable fashion and they have shown that these materials have strikingly dierent optical properties from their spherical counterparts [17] .
In this article we describe approaches taken (mainly by our own team) to develop a straightforward and rapid method to prepare highly geometrically uniform triangular silver nanoplate (TSNP) sols with strong tunable extinction spectra in the visible and near IR. We demonstrate the versatility of these TSNPs and especially highlight how their high ensemble LSPR sensitivities to changes in the local refractive index give these TSNP sols great potential for biosensing applications. A de- * corresponding author; e-mail: jmkelly@tcd.ie tailed study of the fundamental parameters underpinning these TSNP sol properties has been carried out. Finally we detail one successful approach to their stabilisation and functionalisation which allows them to be used for biosensing and related applications under physiological media conditions.
Development of preparative methods
Our approach to the production of TSNPs is based on the reduction of silver ions by ascorbic acid catalysed by seed silver nanoparticles. In our initial experiments in this area, seeds were prepared by reducing an AgNO 3 solution with NaBH 4 in the presence of sodium citrate. The resulting yellow solution, which contains small, approximately spherical particles was then used to catalyse the reduction of silver nitrate ions by ascorbic acid in the presence of an aqueous 1% (w/v) solution of polyvinylalcohol [8] . It was found that the visible absorption spectrum of the sample showed two bands depending on the ratio of Ag + ions/Ag seeds and to the concentration of polyvinylalcohol used. Four samples were studied in detail. Transmission electron microscopy (TEM) showed that each sample contained a mixture of particles, predominantly spheres, triangles (often truncated) and hexagons. The shortest wavelength band (in the 400 nm region) was identied as originating from spherical particles, while the longer wavelength feature was assigned to be that of the LSPR of the anisotropic particles. These anisotropic particles were shown to greatly enhance the nonlinear saturable absorption properties of the samples
probed with 6 ns, 532 nm pulses. This is associated with the high polarizability of the LSPR electrons and the associated local E-eld enhancements, which can lead to strong nonlinear optical susceptibilities (χ 3 ). Thus values of χ 3 as high as 1.5 × 10 −9 esu were recorded for samples with LSPR in the region of the excitation wavelength.
Further eorts were made to develop this method, so as to be able to have a procedure, where the nature of the particles, and hence the colour of the sample, could be readily and reproducibly controlled. This was achieved by a similar method to the above in which the reduction of silver ions by ascorbic acid catalysed by citrate-stabilized silver seeds in the presence of a polymer (here polyvinylpyrrolidone PVP) was carried out in the presence of various concentrations of tri-sodium citrate [9] . It was demonstrated that the colour of the sol could be readily controlled simply by varying the concentration of the citrate salt. Thus at room temperature in the presence of 0.7 mM citrate the sample is dominated by two peaks at ca. 800 nm and 410 nm, giving the sample its characteristic green colour, while a concentration of 0.17 mM citrate produced a blue sample having a maxima at ca. 600 nm and 410 nm and a very low concentration yielded a red colloid with maxima at 510 and 420 nm (Fig. 1a) . TEM measurements showed that two types of particles (namely spheres absorbing in the 400 nm region and nanoplates, whose plasmon band could be readily tuned over the 500800 nm range)
were present. It is postulated that the citrate ions play a determining role in the formation of the nanoplates by binding to the {111} surface of the particles. The presence of both spheres and TSNPs was suggested to be due to the nature of the seeds. Specically it was suggested that twinned particles are responsible for the formation of the TSNPs. It was also found that while TSNPs were still produced when the concentration of PVP was reduced, both their size and polydispersity were signicantly increased. This suggests that the PVP does not play a major role in forming TSNPs but that it does modify their growth and possibly prevents their coalescence. Adapted and reproduced by permission from Ref. [9] by permission of the Royal Society of Chemistry.
The reaction was also carried out at higher temperatures. It was found that above 50 • C the sample contained triangular nanoplates with very well dened shape (as well as small spheres) (Fig. 1b) By varying the ratio of silver seeds to silver ions, the size of the particles can be controlled. This allowed the plasmon band to be tuned so that its maximum could range from about 480 nm to greater than 1100 nm (Fig. 2) . Ref. [10] .
It is interesting that in this case the growth of the particles is presumably not controlled by absorption on the {111} face and must be due primarily to the higher reactivity of the atoms on the edges of the nanoplates. Examination of the high resolution TEM images demonstrated the presence of lamellar defects that extend across the crystal, where the silver atoms are arranged in a continuous hexagonal-close-packed (hcp) structure. It is proposed that the growth of the triangular particles is initiated at this hcp layer (Fig. 2c) .
This method provides a very easy and rapid method to prepare aqueous suspensions of triangular nanoplates with a particular edge length. It can also be relatively readily scaled up. As outlined above, the growth medium does not contain any polymer, so that the surfaces of the particles should be largely uncontaminated and suitable for functionalisation.
Plasmonic properties of triangular silver nanoplates
The optical properties of noble metal nanostructures are governed by their unique localized surface plasmon resonance (LSPR). The LSPR consists of the collective oscillation of the metal's conduction electrons along the nanostructure's surface upon excitation by an external resonant electromagnetic eld (E-eld) [11] . E-eld excitation of the LSPR leads to the buildup of polarization charges on the nanostructure surface, which acts as an eective restoring force, allowing the LSPR to occur at a resonant frequency [12] . In silver the inter-band absorption edge is removed from its LSPR, minimizing plasmonic damping which occurs in other metals such as gold and copper for which the LSPR are coincidental with the inter-band transitions. Nanostructure scattering and absorption cross-sections as well as local E-eld enhancements are strongly enhanced at the LSPR frequency. The LSPR oscillations and their properties are strongly reliant upon factors including size [13, 14] , shape [15, 16] , dielectric constant [12, 17] , and the dielectric constant of the surrounding environment [18, 19] . Here we examine with respect to these factors the LSPR response of the TSNP sols prepared by the polystyrenesulphonate treated seed method outlined above [10] .
These TSNP sols exhibit high geometric uniformity, with controllable edge length during synthesis, enabling the systematic tuning of the LSPR throughout the visible and NIR spectrum (Fig. 2a ). Size analysis (carried out by TEM and AFM) on these TSNPs highlighted the aspect ratio as a key parameter determining the LSPR properties [19, 20] . A gradual increase in the thickness of the TSNPs was found with increasing edge length for sols with LSPR peak wavelength (λ max ) ranging from 500 nm to 1150 nm (Fig. 3a) . The aspect ratio of the TSNPs is found to increase from values of 2 to 13 and the ensembles' LSPR λ max is observed to red-shift linearly with increasing aspect ratio (Fig. 3b ).
The shape of the polarised electron cloud induced by an incident resonant E-eld determines the magnitude of the induced restoring force and is an important parameter determining the LSPR and properties such as and reproduced by permission of the American Chemical Society.
local E-eld enhancement. Quantitatively, for any general nanostructure shape the dipolar polarizability (α)
can be expressed as [20] 
where L is a depolarization factor, which can be related to shape by the shape factor χ as
The depolarisation factor can be calculated if we consider the TSNPs as oblate spheroid structures with the three axes A, B and C where A (edge length) = B (diagonal) > C (thickness) (Fig. 4a ) [21] :
is the nanostructure aspect ratio.
These equations show that aspect ratio is directly related to the shape factor χ. and radiation damping, the width of the LSPR (Γ ) can be described as [22] : 
Biosensing applications
The LSPR of noble metal nanostructures is a localized surface eect, wherein the LSPR is not conned to the nanostructure surface, but extends into the surrounding dielectric medium (Fig. 7) . Changes in the surrounding medium dielectric constant ε m or refractive index n inuences the LSPR. The extent to which it does will depend upon geometric factors such as size and shape in addition to composition [27] . In nanostructures with
LSPRs which are relatively sensitive to changes in the surrounding dielectric, UV-Vis spectroscopy can be used to monitor shifts in the LSPR spectra. Increasing the surrounding refractive index leads to a red-shift in the LSPR (Fig. 7b) with an aspect ratio of 13:1 (Fig. 8a) .
The highest sensitivities found for these TSNP sols are greater than those reported for various LSPR nanostructures, including those for single nanostructures such as nanorice [29] , gold nanorings [30] , and gold nanostars [31] . These results demonstrate the eective translation of the high TSNP LPSR sensitivities into one step assay method for low concentration bioanalyte detection.
Stabilisation and functionalisation
A disadvantage and challenge with silver nanoparticles is their instability, particularly the ease by which they oxidise. The use of nanoparticles, in future applications, relies on the properties of the particle being maintained over an extended time period, and thus the long-term stability of the particle is a key requirement.
Where it is necessary to further functionalise these particles, it is also essential to maintain the particle stability and useful properties of these systems during the functionalisation process. In addition, TSNPs oer an extra challenge to functionalise as the high energy edges of triangular nanoplates are prone to restructuring and some TSNPs have been observed to undergo a morphological change after preparation. Thus TSNPs prepared by lithography have been shown to become thicker and rounded when transferred into solution [36] , while those prepared using sodium bis(2-ethylhexyl) sulfosuccinate (NaAOT) have been shown to undergo a morphological change to circular discs within 10 h [37] . As mentioned above, the TSNPs prepared in the presence of PVP and citrate have also been shown to change shape after preparation, with impurities in the PVP shown to accelerate the process [9] . UV light irradiation and heat are also reported to result in the reconstruction of some TSNPs [38] . Of particular importance for some biosensing and functionalisation applications is that TSNPs have been found to degrade rapidly in the presence of halide anions (Fig. 10a ) [39] . Several methods have been utilised to stabilise silver nanoparticles, whilst maintaining their desirable properties. Here we will focus on the work that has been done utilising thiols and gold coating. -mercaptoundecyl) ammonium bromide has been used to stabilise cetyl trimethylammonium bromide (CTAB) stabilised nanoplates [43] . Multi-dentate thiols have been shown to oer an enhanced stability over monothiols, but this approach may only be applicable to smaller, spherical particles. The monothiols pack more readily on the larger particles due to their reduced curvature [44] .
In our group we have used 16-mercaptohexadecanoic acid (MHA) to successfully freeze the morphology of our PSSS-coated seed TSNPs, and we have shown these MHA capped TSNPs to be stable even in 100 mM NaCl for up to 4 weeks (Fig. 10b) [45] . Shorter alkyl thiols do not show the same long term stability and this contrasting behaviour may be correlated with the packing of the compounds on the surface of the particles. It has been shown that larger shaped particles are more like at planar structures and the packing is not as high as that of smaller spherical particles [44] . This packing can be correlated with the coverage of the particle. It can be assumed that the advantage and signicance of the MHA, is that the long alkyl chain imparts stability to the particles, with the lateral van der Waals interactions creating a well dened and structured self assembled monolayer (SAM). The resulting dense packing creates a hydrophobic area around the particle surface imparting stability to the particles. The signicant red shift in the LSPR band upon coating (739 to 772 nm in the sample used in Fig. 10b ) is indicative of formation of a SAM. An advantage of the MHA capping is that not only does it stabilise the particles eciently against etching, but the introduction of the carboxylic acid group oers us a route to further functionalise these particles. Applying a thin coating of gold to silver nanoparticles might seem to be a simple approach both to stabilisation and functionalisation. However, this can be quite dicult to achieve, because of galvanic replacement. (However, as is noted below, this latter process may give rise to a variety of interesting nanostructures such as nanoshells, nanocages and nanorings [46] .) There are a number of reports on the successful gold coating of spherical and triangular silver nanoparticles [47] , and gold coating has been shown to suciently stabilise spherical silver nanoparticles to allow them to be functionalised with DNA [48] . Aherne et al. have used excess ascorbic acid as a reductant to epitaxially deposit a thin layer of gold on the edge of the PSSS-treated-seed TSNPs [49] . By using a low Au:Ag ratio it was shown that the gold was selectively deposited on the edge of the particles (Fig. 11a) .
It was found that these particles were stabilised against etching by chloride and it was further concluded that etching by chloride is therefore face selective. The refractive index sensitivity of these particles was also shown to be maintained (Fig. 11b) . Indeed the values for the sensitivity of the gold coated TSNPs were actually found to be higher than for the bare TSNPs.
Aherne et al. further extended the above method by working with much higher Au:Ag ratios thus causing a galvanic replacement reaction. This was shown to cause the formation of triangular hollow AuAg nanoboxes [50] , as can be visualised by TEM (Fig. 11c) . DDA calculations were also performed to conrm the hollow nature of these particles. Work in progress shows that these materials can be readily functionalised (e.g. by small DNA molecules) and show excellent sensitivity both as medium refractive index probes and for SERRS studies.
Conclusion
In conclusion routes are now available for the preparation of anisotropic silver nanoparticles, which are both rapid and reproducible and which allow one to exploit the plasmonic behaviour of these nanomaterials. Our work and that of others has shown that TSNPs show great potential for use in a number of applications, not only as biosensors, but also as plasmonic enhancers and as conductive inks.
